For some spherical micro-particles on a vibrating flat substrate, in addition to their predicted rocking resonance frequencies, other resonance peaks at their doubles are observed. Here, a mathematical model and experimental results are presented for explaining this observation. It is determined that the frequency doubling is caused by nonlinear coupling between the out-of-plane and rocking modes of motion, and whirling-like motion that must be present for the presence of doubling effect. It is also found that the work-of-adhesion values extracted from the experimental resonance frequencies of a set of particles using the developed model are in good agreement with those reported in the literature. Adhesion bond of a spherical particle on a flat rigid substrate creates restitution force and moment resisting to its out-of-plane displacement and the rocking motion, respectively, when subjected to an external excitation. In the literature, the out-of-plane force-displacement characteristics of the adhesion bond are currently well established, 1, 2 and, from a two-dimensional adhesion model, the formation of a restitution moment resisting to the free-rolling of the particle is demonstrated. 3 At micro-scale, this restitution moment along with the rotational inertia of the particle results in a free oscillatory vibrational (rocking) motion of the particle with respect to its contact area. 4, 5 Currently, several statistical adhesion measurements techniques based on centrifuge, aerodynamic and hydrodynamic forces, impact-spectrum, and ultrasonic vibration have been introduced and utilized for multi-particle systems. 6 Relatively recently, particle adhesion and force studies for individual particles with the aid of AFM probes and micro-manipulators have been often reported. [7] [8] [9] In the literature, extensive research has been reported for measuring the out-of-plane adhesion forcedisplacement curves between micro-particles and substrates. However, the resistance of a micro-particle on a surface to rocking and rolling has relatively rarely been experimentally explored with few exceptions even though it is critical in particle removal and attachment. 5, 10, 11 The main disadvantage of an axial detachment based-AFM technique in such experiments is that the particle has to be fixed/glued to the tip of a probe; therefore, it is essentially destructive approach for fairly large particles. In recent years, based on ultrasonic base excitation and interferometric sensing technique, a noncontact and non-destructive method was introduced for observing the dynamic behavior of adhesive microparticles on rigid flat substrates. 4, 5 In current study, a nonlinear model for the motion of an adhesive particle on a vibrating substrate is presented (Fig. 1) . Note that the relative size of the particle-surface bonding zone in Fig. 1 but neither explained nor elaborated. In order to explain the doubling phenomenon, here a two-degree of freedom dynamic model is developed for an adhesive microsphere on a vibrating flat substrate. The present experimental set-up, similar to the one reported previously, 4,5 is based on a measurement scheme for the acquisition of the total out-of-plane (2012) displacement (d e ) of a microparticle in temporal domain with a laser interferometer. An ultrasonic shear transducer (Panametrics, V682) with a central frequency of 3.5 MHz is excited by a square pulse with an amplitude of 100 V from a pulser/receiver unit (Panametrics, Model 5077PR). In the reported experiments, a number of spherical PSL particles with an average diameter of 21.4 lm (Duke Scientific Inc.) were dry-deposited on a polished silicon substrate. Experiments are conducted following a resting and relaxing period of two-hours. First, single particles oscillating on the silicon are identified for measurements as some particles adhere to the surface with no relative motion with respect to the substrate. 12 The laser spot of the fiber interferometer with an approximate diameter of 3 lm is focused on the top of a particle using an objective of the optical microscope with a magnification of 20Â. The transient out-of-plane responses of the substrate at four measurements points on substrate around each particle and the top of each particle are acquired, digitalized, and recorded with a digitizing oscilloscope for signal processing. The procedure is repeated for several particles on the same substrate. The temporal responses (insets of Figs. 2(a)-2(d)) are then transformed into spectral domain using the fast Fourier transform (FFT) routine for understanding their frequency contents as depicted in Figs. 2(a)-2(d) (thick dashed  lines) . Note that here the reported in-and out-of-plane resonance frequencies are well separated and, as previously reported for PSL particles with an average diameter of 21.4 lm, the rocking frequency is in kHz range while the 
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out-of-plane resonance frequency is on the order of MHz. 11 without identifying the effect and/or its causes. Considering a spherical particle with a radius of r and a mass of m undergoing only in-plane (rocking) and out-ofplane vibrations with respect to a plane parallel to the substrate under base excitation (Fig. 1) , a two-dimensional mathematical model is developed for explaining the rocking frequency doubling phenomenon. Here, it is assumed that no particle detachment occurs during motion, that is, neither free-rolling nor sliding occurs. In this model, the adhesion bond effect is modeled as an out-of-plane restitution force F R ðdÞ in B À O 0 direction (the direction of out-of-plane displacement, d) and a rocking restitution moment M R ðd; hÞ in the coordinate h acting with respect to the center of the contact area (B) of the particle-substrate bond (Fig. 1 ). The equations of motion for the particle are derived with respect to the fixed global coordinate system (X, Y) with the corresponding unit vectors ofĩ;j. The position vector of the mass center of the particle after bond deformation is expressed as r O 0 ¼r B þ BO ! 0 where the position vector for point B isr B and BO ! 0 ¼ Àðr À dÞðsinðw þ hÞĩ À cosðw þ hÞjÞ, where h is the rotation angle of particle with respect to the surface normal of the substrateñ s , w is the rotation angle of the substrate with respect to the fixed global coordinate, and d represents the total elastic displacement in B À O 0 direction. Employing the Newton's second law of motion and Euler law of angular motion, the equations of in-plane and out-ofplane motions are derived. In the current study, as external excitation is a short pulse (compared to the periods of considered modes of motion), the equations of motion are simplified for its purely free vibrational motion
The restitution terms F R ðdÞ and M R ðd; hÞ in Eq. (1) are estimated based on the Johnson-Kendall-Roberts (JKR) adhesion theory 1,3 as follows:
r ðr À dÞ sinðhÞ (2) where W A is the work-of-adhesion between the particle and substrate materials, a the contact area, r the radius of the particle, and a 0 ¼ ð6p r 2 W A =KÞ 1=3 the contact area radius at static equilibrium position with the stiffness coefficient of the adhesion bond K ¼
(here, E s and E p are the Young's moduli and s and p the Poisson's ratios of the isotropic substrate and particle materials, respectively). F R ðdÞ and M R ðd; hÞ can also easily be expressed as a function of d using the relationship
. 13 In Eq. (1b), the coefficient of the effective damping-like term, 2m ðr À dÞ _ d, is considerably small compared to the other two terms, so the rocking motion could be approximated as a harmonic motion, hðtÞ ¼ Hsinðx r tÞ (here, x r and H are the resonance frequency and amplitude of rocking motion, respectively) when its dynamics is dominated by its linear terms. Substituting the approximated harmonic solution hðtÞ into Eq. (1a), the right-hand side of the resulting equation, acting as an excitation term, becomes
r H 2 ð1 þ cosð2 x r tÞÞ and forces the system to oscillate at an additional frequency which is double of the rocking frequency x r . Therefore, due to the nonlinear coupling, the purely rocking motion can excite the out-of-plane motion dðtÞ with a frequency of 2x r . Note that, since the interferometer measures the out-of-plane movement of the top of a particle as it is oscillates, the measured out-of-plane displacement d e ðtÞ of the top of the particle includes both inand out-of-plane displacement components as 
where the constant d Ã is the static equilibrium position of the particle after adhering on the substrate. From Eq. (3), it is concluded that, since the rocking motion appears as the argument of a cosine function, the resonance frequency of rocking motion cannot be seen in the spectral domain. Only modifying the approximated solution hðtÞ by adding a nonzero term (h 0 ð:::Þ), as h m ðtÞ ¼ H sinðx r tÞ þ h 0 ð:::Þ, leads to the measured out-of-plane displacement oscillating not FIG. 3 . Experimental spectral response of substrate (solid dashed lines) and a particle exhibiting no whirling motion (dashed thick line).
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Vahdat, Azizi, and Cetinkaya Appl. Phys. Lett. 101, 101602 (2012) only at x r but also at 2x r , since the cosine of the modified solution h m ðtÞ includes its argument resonance frequency. The term h 0 ð:::Þ, which causes the rocking resonance frequency doubling effect, attests that the rocking motion occurs around an inclined axis with respect to the substrate normal. This inclined rocking motion implies the existence of whirling-like motion of a particle and/or the nonlinear component coming from the presence of the nonlinear damping term in Eq. (1b). In Figs. 2(a)-2(d) and 3 , examples of the whirling and non-whirling observations in the experimental data, respectively, are depicted. The same observations were made previously 11 for PVP particles (see Fig. 7(b) for non-whirling motion and Figs. 7(c), 7(e), 7(f), and 7(g) for whirling motion).
11
Considering the particle experiencing inclined rocking motion during its whirling motion, the coupled equations of motion (Eqs. (1) , respectively, by considering the first peak in the spectral domain of the numerically calculated d e ðtÞ as the rocking resonance frequency appeared at experimental spectral domains for each particle. These values are close to the reported value of the work-of-adhesion W A ¼ 23.5 mJ/m 2 calculated directly from the Hamaker constants of the particle and substrate materials.
